Antioxidants provide a promising therapeutic effect for the cardiovascular disease. Luteolin, a polyphenolic bioflavonoid, is known to confer cardioprotection, although the underlying mechanisms, especially the role of luteolin on the antioxidant enzymes, such as the peroxiredoxin family, remain unknown.
Introduction
Coronary heart disease (CHD) is a widespread public health problem with high morbidity and mortality (Moran et al., 2014) . Myocardial ischaemia/reperfusion (MI/R) injury is a major clinical outcome of CHD (Rodriguez-Porcel et al., 2006; Monassier, 2008) . The overproduction of ROS and neutrophil infiltration, together with intracellular calcium overload, are major causative factors of MI/R injury (Turer and Hill, 2010) . Particularly, accumulation of intracellular ROS can lead to apoptotic cell death (Zorov et al., 2000) and has direct effects on cellular structure and function in heart tissue (Tsutsui et al., 2006) . Therefore, agents that support the endogenous antioxidant defence systems could ameliorate MI/R injury.
Luteolin (3 0 ,4 0 ,5,7-tetrahydroxylflavone), is a bioflavonoid found in food, as a constituent of many types of plants, including fruits, vegetables and medicinal herbs (Li et al., 2009; Chen et al., 2016) . Preclinical studies have shown that luteolin possesses a variety of biological and pharmacological activities, such as anti-neoplastic (Kwon et al., 2015; Lin et al., 2015) , anti-hepatotoxic, anti-allergic (Kritas et al., 2013) and antioxidant effects (Chen et al., 1990) . Epidemiological studies have revealed that a high dietary intake of luteolin can significantly reduce the risk of acute myocardial infarction and decrease mortality (Marniemi et al., 2005; Mink et al., 2007) . However, the molecular target for the beneficial effect of luteolin requires further investigation.
The peroxiredoxins, a ubiquitous family of antioxidant enzymes, help to control intracellular peroxide levels (Hall et al., 2009; Shi et al., 2016) and maintain the intracellular reducing milieu via redox reactions. There are indications that the activity of peroxiredoxin II reduced apoptosis and improved renal cell survival rates (Hsu et al., 2011) . Peroxiredoxin II is also a unique antioxidant in the cardiac system and may represent a potential target for cardiac protection from oxidative stress-induced injury (Zhao et al., 2009) . Our previous investigation demonstrated that the level of peroxiredoxin II, apart from the other five peroxiredoxins forms (peroxiredoxins I and III-VI), was markedly decreased in an ex vivo model of cardiac ischaemia/reperfusion (I/R) or in cardiomyocytes following H 2 O 2 exposure in vitro. These findings indicated the important effects of peroxiredoxin II in MI/R injury. Luteolin acts not only by correcting oxidant/antioxidant imbalance and preventing impaired antioxidant system in H9c2 cells subjected to H 2 O 2 treatment (Zhao et al., 2009 ) but also by attenuating ROS production accumulation in HepG2 cells caused by palmitate (Liu et al., 2010) . However, the cellular and molecular mechanisms of luteolin-mediated cardiovascular protection, especially the relationship between the effects of this compound and specific antioxidant enzymes, including peroxiredoxin II, still needs to be defined.
Therefore, the present study was designed to determine the therapeutic activities of luteolin and the involvement of the specific antioxidant systems in mediating its protection, using a model of MI/R injury in rats and a cellular H 2 O 2 -induced oxidative stress injury model. Our results provided evidence that luteolin protects hearts from MI/R injury in vivo and in vitro specifically through activating peroxiredoxin II, which should be provide a better understanding of the beneficial effect of luteolin in cardiac MI/R. Our data also highlight the role of peroxiredoxin II as a major component of endogenous cardioprotection.
Methods

Cell culture and treatment
The H9c2 cell line (CRL-1446™) was purchased from the American Type Culture Collection (Shanghai, China). Cells were cultured in DMEM: Nutrient Mixture F-12 (DMEM/ F12) with 10% FBS. Cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and were synchronized by serum starvation before treatment with luteolin or hydrogen peroxide (H 2 O 2 ). Cells were fed every 2-3 days and subcultured when they reached 70-80% confluence.
Luteolin and H 2 O 2 treatment of H9c2 cells. The cells were used when they reached 70-80% confluence. As luteolin was dissolved in DMSO and diluted to give a final concentration of 0.1% DMSO in cell culture media, we first measured the effect of DMSO (0.1%, v/v) on H9c2 cells and found that incubation with this level of DMSO showed no significant alterations in the cells, compared cells incubated without any DMSO. Therefore, cells in the control cultures were routinely exposed to media containing DMSO at 0.1% (v/v) . For the experiments performed in the presence of luteolin , the compound was added to the cells for 2 h prior to treatment with H 2 O 2 . The exact group size for each experimental group in vitro was 5.
Adenoviral-mediated gene transfer. Adenovirus containing antisense to peroxiredoxin II (Ad.Prx II AS) or as a control, adenovirus containing GFP (Ad.GFP) were obtained as previously reported (Zhao et al., 2009) . Adenoviruses were amplified in HEK293 cells, purified with ViraKit from Virapur and tittered, according to the standard procedure of AdenoXTM rapid titer kit from BIOMIGA (San Diego, CA, USA). After 2 h of plating, H9c2 cells were infected with Ad. Prx II AS or the control Ad.GFP at a multiplicity of infection (MOI) of 200 for 2 h before the addition of a suitable volume of complete DMEM medium. The efficiency of adenoviral gene transfer was evaluated in cultured H9c2 cells by fluorescence microscopy (Nikon Eclipse Ti-S; Nikon Ltd., Tokyo, Japan). Nearly 100% of cells appeared infected at 200 MOI by 48 h. The cell phenotype and morphology remained similar among non-infected and adenoviral-infected groups after 48 h of infection. The myocytes were then treated with luteolin or H 2 O 2 for indicated time, washed with PBS and harvested for quantitative immunoblotting, or used in the experiments outlined in the results.
Cell viability and LDH assays. To measure cell viability, H9c2 cells seeded in 96-well plates (5000 cells per well) were grown at 37°C for 24 h until confluence reached ≥80%. Then cells were starved for 12 h in DMEM/F12 supplemented with 0.5% FBS. After serum starvation, H9c2 cells were cultured with different concentration of luteolin (0.1-100 μM) for 24 h. In another set of cells, different concentrations of H 2 O 2 (50, 250, 500 and 1000 μM) were added to the cardiomyocytes and incubated for 2 h. To evaluate the protective effects of luteolin, H9c2 cells were first exposed different concentrations of luteolin for 2h and then cells were exposed to 250 μM H 2 O 2 for 2 h. Model groups were incubated under the same conditions, while cells in control groups were treated with the same volume of PBS. After the indicated time, cell viability was evaluated by MTT assay (Zheng et al., 2013; Ma et al., 2015) . The LDH release was measured using the cytotoxicity detection kit, according to the manufacturer's instructions (Jiancheng Bioengineering Institute, Nanjing, China) and quantified by absorbance at 490 nm using a BioTek plate reader. Results were normalized to the control group and expressed as %control; the LDH release of control cells was set to 100%.
Detection of ROS. Intracellular levels of ROS were assessed using conversion of non-fluorescent dihydroethidium (DHE) to fluorescent ethidium bromide (Arduini et al., 1988 TUNEL staining. Analysis of cardiomyocyte apoptosis was performed by TUNEL staining using the TUNEL BrightRed Apoptosis Detection Kit (Vazyme Biotech, Nanjing, China). Briefly, H9c2 cardiomyocytes were cultured in 24-well plates for 24 h. After exposure to H 2 O 2 for 2 h, H9c2 cardiomyocytes were fixed by incubation in 10% neutral buffered formalin solution for 25 min at 4°C. The cells were then incubated for 30 min with 0.3% hydrogen peroxide in methanol. Thereafter, cells were treated with a permeabilizing solution (0.1% sodium citrate and 0.2% Triton X-100) for 5 min at 4°C and then incubated in TUNEL reaction mixture for 60 min at 37°C. Morphological analysis was performed with fluorescence microscopy (Nikon Eclipse Ti-S; Nikon Ltd.). Five fields were randomly selected from each sample, and at least 100 cells were counted to calculate apoptosis.
Molecular docking studies
Surflex-Dock (Sybyl-X2.1 program) was used for the docking studies. The crystal structure of dimeric peroxiredoxin II (PDB:1QMV, 1.7 Å) was retrieved from protein data bank (PDB) (source: www.rcsb.org/pdb/) based on the previous report (Arduini et al., 1988) .
Animals
All animal care and experimental studies were approved by the Ethical Committee of Zhengzhou University. Animal studies are reported in compliance with the ARRIVE guidelines McGrath and Lilley, 2015) . A total of 110 specific pathogen-free (SPF) male Sprague-Dawley rats weighing 200-250 g, 7-8 weeks old, were obtained from the Experimental Animal Center of Henan Province (Zhengzhou, China). Rats were housed at three to four per cage and kept under standard diurnal lighting conditions (12/12 h), at a controlled ambient temperature of 25 ± 2°C for 7 days before the experiment. All efforts were made to minimize the suffering of the animals and the number of animals needed to obtain reliable results based on the rule of the replacement, refinement or reduction (the 3Rs).
Preparation of rat myocardial I/R model. The rats were anaesthetized with sodium pentobarbital (50 mg·kg
À1
; i.p.). Then, following tracheal intubation and midline thoracotomy, a 5-0 silk thread was passed behind the left coronary artery approximately 2-3 mm from its origin. A silicone rubber venous cannula was placed between the ends. After a stabilization period of 5-10 min, myocardial ischaemia was initiated by complete ligation of the left anterior descending coronary artery (LAD) together with the venous cannula. Then, 30 min later, the heart was allowed 24 h of reperfusion, by carefully drawing out the venous cannula. Sham-operated control rats experienced the same protocol without vascular occlusion (Wei et al., 2014) . A lead II electrocardiograph was monitored throughout the study. During the entire surgical process, the body temperature of the rats was maintained at 37°C using a heating blanket. Interrupted sutures were made to close wounds. After the surgery, the rats received 0.05 mg·kg À1 buprenorphine (SigmaAldrich, St. Louis, MO, USA) immediately by i.m. injection to minimize pain and distress (Birnbaum et al., 2005) and moved to a separate and quiet room under red lighting. Once they regained purposeful locomotion, they were returned to their home cages. The rats were monitored frequently to make sure they appeared active, normally responsive, calm, awake and resting normal without appearing agitated. All animals were offered softened diet as a complementary and more easily obtainable food source. To confirm the correct LAD ligation in all of our experiments, we checked the location of ligation sutures for each animal post mortem.
Experimental protocols. The experimental timelines are shown in Figure 1 .
• Rats were randomly divided into five groups (n = 11) using random number generator (https://www.random.org) ( Figure 1A ): sham, MI/R, LH + MI/R, LM + MI/R and LL + MI/R groups. Saline containing 1% DMSO (2 mL) was injected i.p. as vehicle in sham and I/R groups. In the treatment groups, 20, 10 and 5 mg·kg À1 luteolin were injected i.p., (Qiao et al., 2012) , 15 min before vascular ligation (Lin et al., 2016) .
• Conoidin A has been shown to be a specific covalent inhibitor of peroxiredoxin II (Haraldsen et al., 2009; Nguyen et al., 2013) . Therefore, rats were randomly divided into five groups (n = 11) using a random number generator (https:// www.random.org) ( Figure 1B) Cardiac catheter study for haemodynamic measurements. Haemodynamic measurements were also performed for the estimation of cardiac function. Briefly, the carotid artery was exposed and cannulated with a polyethylene 90 catheter filled with heparinized saline (500 U·mL À1 ) (Wei et al., 2014) . Cardiac function parameters measured included heart rate, left ventricular end-diastolic pressure (LVEDP), left ventricular systolic pressure (LVSP) and rate of contractility and relaxation LVdP/dt max and LVdP/dt min respectively. All the parameters were continuously recorded using a RM6240 multi-channel physiological signal acquisition and processing system.
Blood sample and tissue processing. At the end of the experimental period, all the rats were anaesthetized with urethane (1 g·kg À1 ; i.p.) and then killed with a lethal i.p.
dose of sodium pentobarbital (3%; 80 mg·kg À1 ). Blood was collected in dry test tubes without anticoagulant for serum. Heart tissues were excised immediately and were dissected quickly on ice. Some samples were rinsed in ice-chilled normal saline for evaluating the infarct size and were stored in liquid nitrogen for Western blotting analysis, and others were homogenized immediately in appropriate buffer for ROS determination. All the biochemical assays were performed immediately.
Detecting of myocardium infarct size. Assessment of area at risk and infarct size was performed as described previously ( Hall et al., 2016) . Briefly, at the end of the 24 h reperfusion, the heart was perfused with 1% Evans' blue dye (SigmaAldrich) to delineate the ischaemic area at risk and then was quickly frozen at À20°C for 30 min. Thereafter, the heart was cut into five equal pieces at a line parallel to the coronary sulcus and below the ligation of the heart. All slices were incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma Co., St. Louis, MO, USA) in pH 7.4 buffer at 37°C in the dark for 15 min. The infarcted tissues remained unstained (white or pale), whereas normal tissues were stained red. The area at risk and the infarct zone was demarcated and analysed by ImageJ software. Risk area% was measured as the ratio of risk area to myocardium × 100. Infarct size was measured as the ratio of infarcted myocardium to risk region × 100.
Detecting myocardial enzymes. Activities of creatine kinasemuscle and brain (subunits) (CK-MB), aspartate transaminase (AST) and LDH were assayed in serum using commercial kits purchased from Jiancheng Institute of Biotechnology (Nanjing, China).
Detection of oxidative parameters. Heart tissue was assayed for the endogenous anti-oxidant enzymes, such as SOD activity, and reduced GSH using commercial kits obtained from Jiancheng Institute of Biotechnology. Lipid peroxidation was determined by the formation of malondialdehyde (MDA)-thiobarbituric acid reactive substances adduct according to the method of Ledwozyw et al. (1986) . The released MDA served as the index of lipid peroxidation. Additionally, I/R regions in each group were homogenized in 10 weight/volume of ice-cold potassium phosphate buffer (50 mM, pH 7.4) containing 1 mM EDTA and centrifuged at 12 000× g for 15 min at 4°C. The supernatants were separated and used for protein determination and ROS assay. The ROS generation and protein level of the supernatant were determined by kits from Jiancheng Biotech (Nanjing, China). For calculation of relative changes in ROS level, values of individual samples were divided by the mean value of samples from the sham group.
Histopathological analysis of heart. Heart tissues were fixed in 10% formalin solution and embedded in paraffin. For the histological examinations, paraffin-embedded tissue sections of heart (4 μm) were stained with haematoxylin-eosin and examined by light microscopy (×200) for observation of structural abnormality.
TUNEL staining of heart section. TUNEL assay was performed by using the TUNEL Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's instructions. Both positive (DNase treated) and negative (no addition of TdT) control tissue sections were incorporated in each assay. TUNEL-positive (brown) cardiac myocytes were regarded as apoptotic cells, and the TUNELpositive cells were expressed as a percentage of the total cells. The experiment was repeated on five different sections for each specimen. Ten random fields (×400) per section were analysed.
Western blotting assay
Western blots were performed as described in our previous studies (Wei et al., 2013; Wei et al., 2014) . For cellular samples, cell lysates were obtained using commercial RIPA (Beyotime, Shanghai, China). For heart samples, heart tissue was homogenized with commercial RIPA (Beyotime). The protein content was determined by using the BCA kit (Beyotime). Equal amounts of 50 μg per lane of protein were analysed by SDS-PAGE and transferred to PVDF membranes (Millipore Corporation, Billerica, MA, USA). Blots were blocked for 2 h in 5% non-fat dry milk-TBS-0.1% Tween 20 and then washed. Primary antibodies were incubated overnight at 4°C followed by a HRP-conjugated secondary antirabbit antibody (1:10 000; Cell Signaling Technology Co., Ltd., Minneapolis, MN, USA) for 2 h. Immunoreactivity was detected by the Enhanced Chemiluminescence Detection Reagents SuperSignal West Pico Chemiluminescent reagent (34079, Pierce; Thermo Scientific, Rockford, IL, USA) by a gel imaging system (Protein Simple, Santa Clara, CA, USA). The primary antibodies used were polyclonal antibodies against peroxiredoxins I -VI (15816-1-AP, 10545-2-AP, 55087-1-AP, 10703-1-AP, 17724-1-AP and 13585-1-AP, respectively; Proteintech Biotech, Wuhan, China), Bcl-2 (BS70205) and Bax (BS6420) from Bioworld (Minneapolis, MN, USA) and active caspase 3 (Asp175) (#9661), caspase 9 (#9507), catalase (#14097) and SOD1 (#2770) from Cell Signaling Technology Co., Ltd. Protein expression levels were normalized against levels of β-actin (AP0060) from Bioworld, which was used as a loading control. For calculation of relative changes in protein expression, values of individual samples were divided by the mean value of samples from the control, Ad.GFP control or sham group.
Randomization and blinding
Laboratory rats were randomly assigned to experiments and treatment conditions using a random number generator (https://www.random.org). The specimens of experiments were coded using a random number generator (https://www. random.org). The biochemical assays and analysis of the results was carried out without knowledge of the treatment groups (blinded).
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) . Data are expressed as mean ± SD. Comparisons between two groups were performed by Student's t-test (from Microsoft Office, Excel), while oneway ANOVA with Tukey's post hoc test or nonparametric Kruskal-Wallis test followed by the Bonferroni test (from GraphPad Prism 5.0) were used for multi-group comparison. Results were considered statistically significant at P < 0.05.
Materials
Luteolin (purity >98%, L107329) was purchased from Aladdin Chemistry Co., Ltd., Shanghai, China. Conoidin A (purity >98%, C4293) was purchased from ApexBio Technology LLC, Houston, TX, USA. CK-MB, AST, LDH, SOD, MDA and GSH commercial kits were obtained from Jiancheng Institute of Biotechnology. TUNEL BrightRed Apoptosis
Results
Luteolin inhibited H 2 O 2 -induced cell death in H9c2 cells through activating peroxiredoxin II
To determine the role of luteolin on cell viability in H 2 O 2 -treated H9c2 cells, MTT and LDH leakage assays were chosen. We found that luteolin at up to 100 μM did not exhibit any significant cytotoxicity in H9c2 cells (Figure 2A ). However, treatment of cardiomyocytes with 250, 500 and 1000 μM H 2 O 2 for 2 h resulted in a significant reduction of cell viability, compared with the control cells ( Figure 2B ). Therefore, luteolin concentrations lower than 100 μM and a concentration of 250 μM H 2 O 2 were chosen for the subsequent experiments. Pretreatment with luteolin (10, 15 and 20 μM) for 2 h significantly increased cell viability in H9c2 cells exposed to H 2 O 2 ( Figure 2C ). Membrane integrity was monitored by measuring the release of LDH. Treatment with H 2 O 2 markedly elevated LDH release and pretreatment with luteolin (20 or 15 μM) reduced this increased LDH release, concentration-dependently ( Figure 2D ). Compared with the control group, the morphology of H9c2 cells showed shrinkage and death due to H 2 O 2 treatment, whereas luteolin markedly restored such H 2 O 2 -induced damage ( Figure 2E ) .
To elucidate the mechanism(s) underlying these effects of luteolin, we then investigated the effect of luteolin on the expression of the peroxiredoxin family, following H 2 O 2 -induced injury in H9c2 cells. We found that H9c2 cells exposed to 250 μM H 2 O 2 for 2 h showed markedly decreased levels of peroxiredoxin II, compared with the controlgroup ( Figure 2F , G), without significant alterations in the expressions of catalase, SOD1 and the other peroxiredoxins (i.e. peroxiredoxins I and III-VI) ( Figure 2H, I ). Interestingly, pre-treatment with luteolin (10, 15 or 20 μM) significantly reversed the H 2 O 2 -induced depressed expression of peroxiredoxin II, compared with the control cultures ( Figure 2F , G). These findings indicate that peroxiredoxin II may be associated with the cardioprotective effect of luteolin on H 2 O 2 -induced cell injury.
The protective effect of luteolin on rat MI/R in vivo
To investigate the influence of luteolin on MI/R in vivo, rats were subjected to 30 min LAD ligation followed by 24 h reperfusion. Throughout the whole MI/R surgery procedure, ECG was monitored and recorded at the baseline, during ischaemia and from starting point to 30 min after reperfusion, as well as at 24 h after reperfusion. During the ischaemia, marked ST-segment elevation in the ECG, was observed in both MI/R and luteolin-treated groups, compared with the sham group. In order to assess the successful reperfusion of ischaemic region, a significant ST-segment resolution in our ECG data was observed for each animal (Nai et al., 2015) ( Figure 3A) . After 24 h reperfusion, ST segment remained elevated in MI/R group; however, in the groups treated with luteolin, the ST-segment elevation was significantly ameliorated ( Figure 3A) . Additionally, the infarct size of individual rat hearts was evaluated by the Evans blue-TTC double staining assay ( Figure 3B ) and the area at risk was found to be similar under all conditions ( Figure 3C ). An increase in myocardial infarction size was observed in MI/R rats, compared with the sham group. However, pretreatment with luteolin (20, 10 or 5 mg·kg À1 ) clearly reduced the infarct size, compared with the untreated MI/R group ( Figure 3D ). Furthermore, three sensitive indexes of the myocardial zymogram in serum were analysed at 24 h post-reperfusion injury ( Figure 3E-G) . In the MI/R group, the activities of CK-MB, AST or LDH in serum were significantly increased, compared with those data in the sham group. These values were significantly reduced in the MI/R rats that had been rpre-treated with luteolin (20, 10 or 5 mg·kg À1 ), as shown in
Figures 3E, F. Luteolin (20 or 10 mg·kg À1 ) also markedly reduced the release of LDH after MI/R ( Figure 3G ). However, the lowest dose of luteolin (5 mg·kg À1 ) only showed a trend to reverse the increased LDH activity in serum, and no statistical difference was found. During MI/R, severe oxidative stress leads to lipid peroxidation. Compared with the sham group, there was a significant elevation of MDA in serum of MI/R rats ( Figure 3I ), a decrease in GSH levels ( Figure 3K ) and decreased activity of SOD ( Figure 3J) . Notably, administration with luteolin dramatically enhanced the activities of these enzymatic antioxidant defences systems in a dose-dependent manner. Specifically, luteolin increased levels of GSH to~2-fold and activities of SOD to~1.4-fold of those in MI/R rats ( Figure 3K ). Moreover, cardiac ROS contents were clearly raised above sham levels in the rats subjected to MI/R. However, pre-treatment with luteolin (20 mg·kg À1 ) reversed this increased ROS content to near sham levels ( Figure 3H ).
Effect of luteolin on the cardiac function after MI/R injury in rats
Left ventricular function was evaluated by echocardiography ( Figure 4A ). All echocardiographic parameters were similar among the five groups of animals at baseline (data not shown). Compared with the sham group, heart function at 24 h post-MI/R was compromised, as demonstrated by significant decreases in EF ( Figure 4B ) and FS ( Figure 4C ). However, pre-treatment with luteolin (20, 10 or 5 mg·kg À1 ) significantly improved both EF and FS, after MI/R ( Figure 4B, C) . The MI/R injury was also confirmed by a decreased recovery of haemodynamic function. Heart rate was decreased in the MI/R group, compared with that in sham rats, and pre-treatment with luteolin reversed this alteration back to normal values ( Figure 4D ). The markedly reduced LVSP ( Figure 4E ) and LVEDP ( Figure 4F ) and a considerable fall in the values of left ventricular maximal and minimal rates of pressure (LV dP/dt max and LV dP/dt min ) ( Figure 4G ) were clearly observed in the MI/R group, relative to those in sham group, further signs of left ventricular dysfunction. Here also, the protective effect of treatment with luteolin was shown by the restoration of the post-reperfusion haemodynamic parameters ( Figure 4E-G) . All these results clearly demonstrated the cardioprotective effect of luteolin on MI/R injury in vivo.
Microscopic examinations of histological sections of hearts from different experimental groups disclosed very clear differences, as shown in Figure 4H . Hearts from the sham group exhibited clear integrity of myocardial membrane, normal cardiac fibres without any infarction, inflammatory infiltration or cardiac necrosis. However, in hearts Figure 2 Luteolin prevented H 2 O 2 -induced injury in H9c2 cardiomyocytes. Cardiomyocytes were treated with (A) luteolin (LUT) only (0.1-100 μM) for 24 h, or (B) increasing concentrations of H 2 O 2 (50, 250, 500 and 1000 μM) for 2 h, and (C) luteolin (10-20 μM) followed by H 2 O 2 (250 μM) for 2 h . Cell viability was measured using the MTT assay. (D) The release of LDH at the end of the incubation with H 2 O 2 was determined. (E) Cell morphology was observed after 2 h of H 2 O 2 exposure. Abnormal cell morphology was induced by H 2 O 2 , whereas pretreatment with luteolin resulted in dose-dependent protection from the H 2 O 2 -induced morphological changes (×200, bar = 100 μm). Effects of luteolin on the protein levels of the peroxiredoxins (PRX), catalase and SOD1 in H 2 O 2 -exposed H9c2 cells (F-I). Cells were cultured in six-well plates until confluent, and the medium was replaced with serum-free medium, with or without luteolin (10, 15 and 20 μM) for 2 h. The cells were then stimulated with 250 μM H 2 O 2 for 2 h. Results were expressed as percentages of the control values (CON). Data shown are means ± SD for five independent experiments. Data in (G) and (I) were normalized against levels of β-actin, which was used as a loading control. For calculation of relative changes in protein expression, values of individual samples were divided by the mean value of samples from the control group. Microscopic images are representative of five independent experiments. H 2 O 2 , simulated H 2 O 2 -treated only.
# P < 0.05, significantly different from control; *P < 0.05, significantly different from H 2 O 2 .
Figure 3
Luteolin protects hearts from MI/R injury in vivo. Representative ECG traces in each group (recorded from lead II with recording speed 50 ms per division) (A). Sham rats revealed normal ECG pattern. MI/R rats showed marked elevation of the ST segment and decreased R amplitude. Treatment with luteolin (20 mg·kg À1 , LH or 10 mg·kg À1 ; LM), but not luteolin (5 mg·kg À1 ; LL) considerably ameliorated these changes in MI/R rats.
Additionally, luteolin reduced myocardial infarct size (B, bar = 10 mm) and ratio of infarct area to risk area (D) in MI/R rats. (C) Ratio of risk area to myocardium in MI/R rats. Luteolin reduces serum marker enzymes CK-MB (E), AST (F) and LDH (G) levels. Data were presented as mean ± SD (n = 6, C-G). Additionally, luteolin reduces cardiac ROS (H) in heart of MI/R rats. For calculation of relative changes in ROS level, values of individual samples were divided by the mean value of samples from the sham group. Data are presented as mean ± SD (n = 5). Luteolin also decreases the MDA (I) content and enhances endogenous antioxidant enzyme systems including SOD (J) and GSH (K) levels in serum of MI/R rats. Data are presented as mean ± SD (n = 6, I-K). # P < 0.05, significantly different from sham group; *P < 0.05, significantly different from MI/R group.
from the MI/R group of rats, there were clear signs of leukocyte infiltration, large areas of cardiac necrosis and serious oedema, compared with the sham group. All these pathological changes were diminished after pre-treatment with luteolin ( Figure 4H ).
As shown in Figure 4I , the number of TUNEL-positive cardiomyocyte nuclei was significantly increased after MI/R and the cardiac tissues of these rats showed many more dark brown, apoptotic cells, than the samples from the sham group. Pre-treatment with luteolin, dose-dependently, 
LL). MI/R rats showed dramatic left ventricular functional impairment as indicated by two-dimensional M-mode tracing of wall motion, compared with sham-operated animals (A). Luteolin treatment significantly improved cardiac functions. EF (B). FS (C). Additionally, luteolin improves cardiac function in MI/R rats as shown by effects on heart rate (D), LVSP (E), LVEDP (F)
and maximum and minimum rates of developed left ventricular pressure (LVdP/dt max and LVdP/dt min ) (G). Data are presented as mean ± SD (n = 6). Histopathological changes in rat cardiac apexes (haematoxylin-eosin) are shown in (H). Sham group showed normal cardiac fibres without any infarction, inflammatory infiltration and cardiac necrosis; MI/R group showed large area of infarction with inflammatory infiltration, cardiac necrosis and splitting of muscle bundles. Treatment with luteolin showed focal area of infarction with less infiltration of inflammatory cells and necrosis in a dose-dependent manner (200×, bar = 100 μm). In addition, representative photomicrographs of TUNEL staining in myocardial layers within the ischaemic/reperfused area at risk were also examined (400×, bar = 200 μm, I and J). Data are presented as mean ± SD (n = 6). # P < 0.05, significantly different from sham group; *P < 0.05, significantly different from MI/R group.
Luteolin is cardioprotective through peroxiredoxin II decreased the number of TUNEL-positive cells following MI/R ( Figure 4I, J) . Furthermore, the expression levels of key apoptotic-related proteins were quantitatively assessed. MI/R injury was associated with significant decreases in the expression of Bcl-2 and marked increases in Bax expression, compared with those data in the sham group. Moreover, in MI/R rats, the pro-apoptotic, active caspases 3 and 9 were significantly increased to~2-fold and 2.3-fold of that in sham ( Figure 5A, B) . However, these MI/R-related alterations were prevented by pre-treatment with luteolin (20 mg·kg À1 ) ( Figure 5A, B) .
Effect of luteolin on the expression of peroxiredoxins in vivo
As the peroxiredoxin enzymes may play a role in mediating the antioxidant effects in the heart , we also looked for changes in the other members of the peroxiredoxin family (peroxiredoxins I and III-VI), as well as two representative antioxidant enzymes, catalase and SOD1, in MI/R injured hearts. We found that the MI/R procedure, with or without luteolin pre-treatment, changed none of these proteins, compared with those in sham group ( Figure 5C, D) . However, only one of the antioxidant enzymes in the heart, peroxiredoxin II, was significantly decreased by MI/R, compared with the sham group. Pretreatment with 20, 10 or 5 mg·kg À1 luteolin significantly increased peroxiredoxin II after MI/R, compared with the sham group ( Figure 5E, F) . Our results strongly indicated that luteolin may protect hearts from MI/R injury by increasing peroxiredoxin II activity.
Luteolin could bind to the enzymic active pocket of peroxiredoxin II
To determine how luteolin interacts with peroxiredoxin II, computer-based molecular modelling was performed ( Figure 5G , H). The crystal structure (PDB:1QMV, 1.7 Å) 1 of
Figure 5
Effect of luteolin on protein levels in cardiac tissue after MI/R in rats. The levels of the apoptosis-related proteins (Bcl-2, Bax and active caspases 3 and 9) (A and B), peroxiredoxins (PRX I -VI) and the two representative antioxidant enzymes (catalase and SOD1) (C-F) were measured. Expression levels were normalized against levels of β-actin, which was used as a loading control. For calculation of relative changes in protein expression, values of individual samples were divided by the mean value of samples from the sham group. In G and H, molecular modelling was used to dock luteolin into the binding pocket of peroxiredoxin II. Data are expressed relative to the mean value for sham group and were presented as mean ± SD (n = 5). # P < 0.05, significantly different from sham group; *P < 0.05, significantly different from MI/R group.
human decameric peroxiredoxin II purified from erythrocytes was used and modelling carried out with the SurflexDock (Sybyl-X2.1 program). The enzyme structure is a toroid comprising five dimers (chain: A-J) linked end-on through predominantly hydrophobic interactions. However, the residue Cys 51 in the site of peroxide reduction of this crystal structure is oxidized to cysteine sulphinic acid, which lies approximately 10 Å away from residue Cys 172 . Therefore, the comparison with two previously reported dimeric peroxiredoxin structures reveals that the catalytic cycle of 2-Cys peroxiredoxin requires significant conformational changes that include the unwinding of the active-site helix and the movement of four loops. Here, only chains A and B were chosen in the molecular simulation study. After one cysteine sulphinic acid (CSD51) was mutated back to the normal residue Cys 51 , the peroxiredoxin II protein was prepared with the module of Biopolymer. The geometry of the small molecule, luteolin, was optimized, using Tripos force field and Gasteiger-Hückel charge, with the convergence criteria 0.05 kcal per (mol·Å). Then, luteolin was manually docked into the pocket of the chain B of dimeric peroxiredoxin II, respectively, using the module of Surflex-Dock and considering the lowest 10 conformers in energy. All the calculations were performed in a Mac workstation. Figure 5G ). These computer-based calculations and findings further confirmed the possibility of direct interaction between luteolin and peroxiredoxin II.
Effects of Ad.Prx II-AS-induced down-regulation of peroxiredoxin II on the protective effect of luteolin in H9c2 cells
To further determine the important role of peroxiredoxin II in cardiomyocyte death induced by H 2 O 2 , H9c2 cells were infected with Ad.GFP or Ad.Prx II-AS for 48 h, and the levels of peroxiredoxin II were examined. In the cells infected with Ad. Prx II-AS, the level of peroxiredoxin II was decreased by 60%, compared with the Ad.GFP control group ( Figure 6A, B) . However, no apparent morphological alterations or differences in the number of adherent cells were observed among the two groups. The protein level of peroxiredoxin II was markedly reduced in H9c2 cells infected by Ad.Prx II-AS, compared with that in the Ad.GFP control group ( Figure 6C) . However, the expression of the other peroxiredoxins (I and III-VI) and the representative antioxidant enzymes, catalase and SOD1, showed no significant differences in Ad.Prx II-AS group, compared with those in the GFP control group (Figure 6E, F) . In the H9c2 cells with GFP infection, pretreatment with luteolin significantly up-regulated the expression of peroxiredoxin II without any alterations of the other peroxiredoxins, after H 2 O 2 injury. However, the peroxiredoxin II levels in Ad-PrxII-AS groups remained decreased ( Figure 6D ). These findings suggest that peroxiredoxin II may play a key role in mediating the cardioprotective effects of luteolin.
Protection by luteolin against H 2 O 2 -induced cell death in H9c2 cells is associated with peroxiredoxin II
To determine the role of peroxiredoxin II in the beneficial effects of luteolin in H9c2 cells, the infected cardiomyocytes were treated with H 2 O 2 , and cell viability as well as release of LDH were examined. After H 2 O 2 treatment, cell viability was significantly decreased in both Ad.GFP-infected and Ad. Prx II-AS-infected cells, compared with the Ad.GFP + control group ( Figure 7A ). The LDH release was significantly higher in the cells of Ad.Prx II-AS + H 2 O 2 than that in Ad.GFP + H 2 O 2 group ( Figure 7B ). Pretreatment with luteolin (20 μM) alone significantly restored these effects caused by H 2 O 2 in H9c2 cells infected with Ad.GFP, whereas in Ad.Prx II-AS-infected cells, the protective action of luteolin was significantly blocked ( Figure 7A, B) . These findings indicate that peroxiredoxin II indeed plays a key role in the beneficial effect of luteolin against H 2 O 2 -induced injury in H9c2 cells.
ROS levels were also measured using a fluorescent probe, DHE. H 2 O 2 treatment induced ROS accumulation in both Ad.GFP-infected and Ad.Prx II-AS-infected cells, compared with Ad.GFP + CON group (Figure 7C, D) . Luteolin significantly reduced the ROS accumulation in Ad.GFP-infected cells. More importantly, down-regulation of peroxiredoxin II by the antisense almost completely blocked the antioxidative action of luteolin ( Figure 7F ).
TUNEL staining was performed in H9c2 cells to determine whether peroxiredoxin II was involved in the anti-apoptotic action of luteolin. The numbers of TUNEL-positive cardiomyocytes were increased, to the same extent, in both Ad.GFP-infected and Ad.Prx II-AS-infected cells, after treatment with H 2 O 2 . Notably, in Ad.Prx II-AS-infected cells, these numbers were higher levels than that in Ad.GFP cells ( Figure 7E, G) . Pretreatment with luteolin (20 μM) alone for 2 h significantly reduced TUNEL-positive cardiomyocytes induced by H 2 O 2 in Ad.GFP-infected cells. By contrast, in the cells transfected with Ad.Prx II-AS, such beneficial effects of luteolin were blocked. Additionally, quantitative immunoblotting to determine the expression levels of Bcl-2, Bax and active caspases 3 and 9 was also examined ( Figure 7H ). Ad. GFP + H 2 O 2 and Ad.Prx II-AS + H 2 O 2 groups were associated with significant decreases in the Bcl-2 and marked increases in Bax expression, compared with the Ad.GFP + control group. Treatment of luteolin (20 μM) further reversed such alterations as observed in Ad.GFP + luteolin + H 2 O 2 group ( Figure 7I, J) . Moreover, the active caspases 3 and 9 were significantly increased in Ad.GFP + H 2 O 2 and Ad.Prx II-AS + H 2 O 2 groups, relative to the levels in the Ad.GFP + control group ( Figure 7K, L) . These increased values were also significantly prevented by pre-treatment with luteolin. However, in Ad.Prx II-AS-infected cells, the anti-apoptotic action of luteolin was significantly blocked. These results suggest that luteolin could indeed reduce the H 2 O 2 -induced apoptosis, mainly through activation of peroxiredoxin II.
Luteolin protects against MI/R injury in rats through its effects on peroxiredoxin II
To further determine the involvement of peroxiredoxin II on cardioprotection by luteolin in vivo, we used a specific covalent inhibitor (conoidin A) of this anti-oxidant enzyme (Haraldsen et al., 2009; Nguyen et al., 2013) . Compared with the sham group, the ST-segment of the ECG was markedly elevated, at 24 h reperfusion in rats with MI/R ( Figure 8A ) and treatment with luteolin (10 mg·kg À1 ) reduced this ST-segment elevation. However, pretreatment with conoidin A (5 mg·kg À1 ) blocked the effect of luteolin on the ST-segment elevation. Furthermore, there was an increase in the infarct size in the MI/R group which was reduced by luteolin ( Figure 8B-D) . Pre-treatment with conoidin A abolished this effect of luteolin on infarct size ( Figure 8B ). We also measured the myocardial zymogram in serum and found that MI/R markedly elevated the activities of CK-MB, AST and LDH. Treatment with luteolin only reduced the activities of these enzymes after MI/R ( Figure 8E -G) and these effects of luteolin were prevented by pre-treatment with conoidin A (Figure 8E-G) . Additionally, compared with those in the sham group, cardiac ROS levels were significantly increased in the MI/R group. Luteolin alone significantly reduced these ROS values ( Figure 8H ) and conoidin A pretreatment significantly reversed the antioxidative effect of luteolin. Furthermore, at 24 h post-MI/R, compromised heart function was observed in the MI/R animals, demonstrated by significant decreases in EF ( Figure 8I ) and FS ( Figure 8J ), compared with the sham group. Treatment with luteolin alone provided significant improvement in EF and FS. Here also, conoidin A pretreatment impaired the protective effects of luteolin. It should be noted that treatment with conoidin A alone did not change any of the parameters mentioned above, compared with the MI/R group ( Figure 8A-K) . Our findings strongly indicated that the cardioprotective action of luteolin in vivo is closely dependent on the activity of peroxiredoxin II.
Discussion
In this study, we demonstrated that the cardioprotective effects of luteolin are mainly exerted through its elevation of Figure 6 Effect of peroxiredoxin II down-regulation on protein levels of catalase, SOD1 and peroxiredoxins and on the protective effects of luteolin in H9c2 cells. Cardiomyocytes were infected with adenoviruses, either Ad.GFP or Ad.Prx II-AS (antisense).In A and B, quantitative immunoblotting of peroxiredoxin II (PRXII). Data are means ± SD for five independent experiments. *P < 0.05, significantly different from Ad.GFP control group. Quantitative immunoblotting of peroxiredoxin II, then catalase, SOD1 and the other peroxiredoxins in infected cardiomyocytes were also examined (C-F). Expression levels were normalized against levels of β-actin, which was used as a loading control. For calculation of relative changes in protein expression, values of individual samples were divided by the mean value of samples from the Ad.GFP control group. Data are means ± SD for five independent experiments. # P < 0.05, significantly different from control (without H 2 O 2 treatment). *P < 0.05, significantly different from 
Figure 7
Peroxiredoxin II mediated the protective effect of luteolin on H 2 O 2 -induced oxidative stress in H9c2 cardiomyocytes. Cells were treated in the presence or absence of luteolin (20 μM) and exposed to H 2 O 2 (250 μM) for 2 h after 48 h Ad.GFP or Ad.Prx II-AS infection. Thereafter, cell viability (A), LDH release (B) and intracellular ROS generation were measured using the DHE assay (200×, bar = 400 μm) (C and D). Additionally, cardiomyocytes were treated in the presence or absence of luteolin (20 μM) and exposed to H 2 O 2 (250 μM) for 2 h after 48 h viral infection (Ad.GFP or Ad.Prx II-AS). Apoptotic cells were examined under a fluorescence microscope after TUNEL staining (400×, bar = 200 μm) (E). (F) and (G) show quantitative analysis of the results of intracellular ROS and apoptosis respectively. Total number of cells in a given area was determined by DAPI nuclear staining. The apoptotic index was determined as the number of DAPI-stained TUNEL-positive cells counted. Microscopic images are representative of five independent experiments. Protein levels of apoptosis-related proteins (Bcl-2, Bax and active caspases 3 and 9) were also assayed (H-L). Protein expression levels were normalized against levels of β-actin, which was used as a loading control. 
Figure 8
Luteolin ameliorated MI/R injury in rats associated with peroxiredoxin II. Rats were divided into five groups, including sham, MI/R, luteolin (10 mg·kg À1 ) + MI/R, conoidin A (5 mg·kg À1 ) + MI/R and conoidin A + luteolin + MI/R. Representative electrocardiograms (A) were measured 24 h after MI/R injury. Myocardial infarct size (B, bar = 10 mm), ratio of risk area to myocardium (C) and infarct area to risk area (D) in each group were also measured. Data (A to D) are presented as mean ± SD (n = 6 per group). The levels of serum marker enzymes, including CK-MB (E), AST (F) and LDH (G), were examined in each group. Additionally, cardiac ROS were also determined (H). For calculation of relative changes in ROS level, values of individual samples were divided by the mean value of samples from the sham group. Data (E to H) are presented as mean ± SD (n = 5 per group). Representative traces of M-mode echocardiography (I) performed 24 h after MI/R injury in each group. EF (J). FS (K). Data (I to K) are presented as mean ± SD (n = 6 per group). # P < 0.05, significantly different from sham group. *P < 0.05, significantly different from MI/R group. P < 0.05, significantly different from conoidin A + MI/R. cardiac peroxiredoxin II expression and suppressing apoptosis in infarcted myocardium both in vivo and in vitro (Figure 9 ). To the best of our knowledge, this is the first study of the detailed mechanism of the cardioprotective effects of luteolin on endogenous oxidative and redox systems, especially through its up-regulating effects on peroxiredoxin II.
Several epidemiological studies have demonstrated that higher intake of flavonoids, including luteolin, could have protective effects on heart disorders (Amrani et al., 1993; Konorev et al., 1993; McGrath et al., 2010; Xu et al., 2012) . Recently, many reports have shown that luteolin could improve I/R-induced cardiomyocyte contractile function both ex vivo and in vitro Qi et al., 2011; Xin et al., 2013; Bian et al., 2015) . Sun et al. (2012) reported that luteolin limited infarct size and improved cardiac function after MI/R injury in diabetic rats. The underlying mechanism(s) of cardioprotection by luteolin may be related to anti-apoptosis via the PI3k/Akt pathway, decreased endoplasmic reticulum stress response, improved contractile function and decreased miR-208b-3p and increased Ets1 expression, indicating the multi-target functional effects of luteolin Qi et al., 2011; Sun et al., 2012; Xin et al., 2013; Bian et al., 2015) . However, the exact mechanism by which luteolin exerts cardioprotection against MI/R injury in vivo has not been fully elucidated. Qi et al. (2011) demonstrated that luteolin could improve the contractile function of isolated hearts subjected to I/R. Similarly, we found that luteolin not only improved left ventricular contractile function but also decreased infarcted size in heart tissue. A possible mechanism underlying the effects of luteolin on the elevated ST segment, is through the sulfonylurea receptor-containing ATP-sensitive potassium channel which is involved in the ST-segment elevation (Stoller et al., 2010) . Additionally, luteolin has been shown to activate the potassium channels in rat thoracic aorta (Jiang et al., 2005) . Therefore, we hypothesize that luteolin may decrease the elevated ST segment through its effects on potassium channels. However, the detailed mechanism remains not completely understood so far. Mounting evidence demonstrates that release of ROS could exacerbate ventricular dysfunction, resembling the pathophysiological changes in MI/R patients (Antonella et al., 1999) . Therefore, we evaluated the oxidative stress induced by MI/R injury in our rat model. We found that luteolin could decrease cardiac oxidative stress, as shown by a fall in ROS concentrations, both in cardiocmyocytes and heart tissue, as well as increased antioxidant enzyme/substrate in vivo after 24 h reperfusion, which is consistent with the earlier report that luteolin could decrease ROS levels in rats subjected to MI/R (30 min ischaemia followed by 1 h reperfusion) . However, our findings indicated a longer-lasting protective effect of luteolin.
The family of peroxiredoxin enzymes have been suggested to play a pivotal role in mediating antioxidant effects in the heart Liu et al., 2008) . Notably, increases in the levels of peroxiredoxin II could protect the cardiomyocytes against oxidative stress-induced apoptosis and cell death by H 2 O 2 , the major source of ROS
Figure 9
Scheme summarizing the possible mechanisms of the effects of luteolin against MI/R injury by activating cardiac peroxiredoxin II (PRXII). Left: cardiac I/R injury; right: cardiac I/R injury with luteolin interference.
in cardiomyocytes under stress conditions (Kim et al., 2000) . Our previous study has also demonstrated that the decreased expression of peroxiredoxin II contributes to MI/R injury (Zhao et al., 2009) . In addition, the antioxidant properties of peroxiredoxin II in the heart could be independent of other antioxidant enzymes, suggesting a unique effect of peroxiredoxin II in the process of MI/R injury-induced cell death (Zhao et al., 2009) . Consistent with these findings, in the current study, the expression of peroxiredoxin II was significantly decreased in rat ischaemic-reperfused heart in vivo, or following H 2 O 2 insult in vitro. Because the other peroxiredoxins, I and III -VI, as well as two representative antioxidant enzymes (catalase and SOD1), are present in cardiac tissue, levels of these proteins were simultaneously measured. Catalase and SOD1 may be the predominant scavengers of H 2 O 2 in the heart and many studies have revealed the important role of catalase and SOD1 in protecting the heart from I/R injury (Triana et al., 1991) . However, several studies did not observe such effects of these two antioxidant enzymes on the recovery of contractile function during reperfusion (Hamilton et al., 2003; Robin et al., 2007; Venardos et al., 2007) . In the present study, protein expression of catalase and SOD1 was not altered in MI/R rats or following H 2 O 2 injury to cardiomyocytes in vitro, which is compatible with the earlier reports (Arduini et al., 1988; Amrani et al., 1993; Konorev et al., 1993; Hamilton et al., 2003; Robin et al., 2007; Venardos et al., 2007) . Additionally, our current data has confirmed that luteolin stimulated the expression of peroxiredoxin II, without altering protein levels of catalase, SOD1 and the other isoforms of the peroxiredoxin, in MI/R rats or following H 2 O 2 injury in vitro. Moreover, pre-treatment with luteolin markedly promoted the cardiac expression of peroxiredoxin II, reduced cardiac ROS levels and therefore increased the expression of Bcl-2 and decreased Bax protein expression, further inhibiting apoptosis and cell death following MI/R injury in vivo. These data demonstrated the beneficial effects of luteolin on cardiac function and on the size of the myocardial infarct.
Using transfection with antisense to peroxiredoxin II in adenoviruses, we further confirmed that these beneficial effects of luteolin in H 2 O 2 -induced H9c2 cell injury were dependent on peroxiredoxin II. Additionally, the specific inhibitor of peroxiredoxin II (conoidin A) significantly blocked the beneficial effect of luteolin against MI/R injury in vivo, further supporting a critical role of peroxiredoxin II in the cardioprotective actions of luteolin. Therefore, taking together the results obtained both in vivo and in vitro, it is clear that up-regulation of peroxiredoxin II was a major contributor to the cardioprotective effect of luteolin. The docking results also revealed the potential binding sites and direct interaction of luteolin with peroxiredoxin II, which could further stabilize the function and structure of peroxiredoxin II.
In conclusion, the inhibitory effects of luteolin on oxidative stress and apoptosis were mainly exerted through its ability to augment cardiac peroxiredoxin II expression both in vivo and in vitro. Our findings suggest that modulation of cardiac peroxiredoxin II presents a novel strategy to improve antioxidant efficacy in ischaemic heart disease.
